ABSTRACT: Humic substances (HS) comprise the passive element in soil organic matter (SOM), and represent one of the soil carbon pools which may be altered by different cover crops and weed control methods. This study aimed to assess HS distribution and characteristics in an experimental coffee crop area subjected to cover crops and cultural, mechanical, and chemical weed control. The study was carried out at Londrina, in the state of Paraná, southern Brazil (23°21'30" S; 51°10'17" W). In 2008, seven weed control/cover crops were established in a randomized block design between two coffee rows as the main-plot factor per plot and soil sampling depths (0-10 cm, 10-20 cm, 20-30 cm and 30-40 cm) as a split-plot. HS were extracted through alkaline and acid solutions and analyzed by chromic acid wet oxidation and UV-Vis spectroscopy. Chemical attributes presented variations in the topsoil between the field conditions analyzed. Cover crop cutting and coffee tree pruning residues left on the soil surface may have interfered in nutrient cycling and the humification process. Data showed that humic substances comprised about 50 % of SOM. Although different cover crops and weed control methods did not alter humic and fulvic acid carbon content, a possible incidence of condensed aromatic structures at depth increments in fulvic acids was observed, leading to an average decrease of 53 % in the E 4 /E 6 ratio. Humin carbon content increased 25 % in the topsoil, particularly under crop weed-control methods, probably due to high incorporation of recalcitrant structures from coffee tree pruning residues and cover crops.
Introduction
Coffee is one of the most important crops in Brazilian agribusiness. A number of management systems in coffee crops have shown potential for improving soil organic matter (SOM) content (Pavan et al., 1999; AraujoJunior et al., 2013; Martins et al., 2015) .
Sustainability of a production system is directly affected by different land uses and management. Soil use practices and management must provide benefits in terms of crop yield, weed suppression/control, and also SOM carbon content (Cardoso et al., 2013) .
Given the crucial role SOM plays in soil fertility, by affecting chemical, physical and biological properties, it has been widely used as a soil quality evaluation parameter. Also, several studies have shown the potential for SOM humified fraction as a tool for assessing soil history characteristics (management, turnover, origin material and anthropomorphic action impact) (Canellas et al., 2004) .
Humic substances (HS) are considered one of the main organic carbon pools in soil (Song et al., 2014) , comprising nearly 75 % of SOM (Santos et al., 2010) , and are separated accordingly to their solubility at different pH levels, into humic acid (HA), fulvic acid (FA) and humin (HU) (Stevenson, 1994) . Changes in HS features (such as composition, distribution and carbon content) have been widely used and reported in the literature as parameters for the evaluation of agricultural management systems (Canellas et al., 2010) .
Ultraviolet and visible (UV-Vis) spectroscopy have been widely used in HS structural investigations. The UV-Vis spectroscopy comprises an analytical technique that allows for condensation assessment, and consequent humification degree evaluation (Fuentes et al., 2006) .
The E 4 /E 6 ratio (ratio between the absorbance intensity at 465 and 665 nm) is a classic index widely used in UV-Vis spectroscopy to evaluate HS structural features (condensation/humification degree) (Chen et al., 1977; Helal et al., 2011) .
Carbon content distribution in SOM humic fractions in coffee crops subjected to different weed control methods and cover crops is a matter for research. This study aimed to assess HS carbon content distribution and the condensation/humification degree in a long-term trial coffee plantation area subjected to weed control and cover crop managements.
Materials and Methods

Experimental Field
The experimental field was located at Londrina, in the state of Paraná, southern Brazil (23°21'30" S; 51°10'17" W). The trial soil was a Typic Haplorthox (Dystroferic Red Latosol) with very clayey texture, 80 dag kg −1 of clay at 0-40 cm layer (Araujo-Junior et al., 2013) . More details about soil characterization and mineralogical composition of this soil are given by Castro Filho and Logan (1991) . Coffee trees (Coffea arabica L.), at the cultivar Mundo Novo IAC 379-19, were planted in 1978, with 3.50 m row spacing × 2.00 m spacing between coffee pits with two plants per pit. In 2008, the experiment was installed in a randomized block design with four replicates, comprising a split-plot scheme with weed control and cover crops between coffee rows, the main plot factor, with four sampling depths (0-10cm; 10-20cm; 20-30cm; 30-40cm) in the split-plot.
Seven different weed control / cover crop were considered: (i) hand weeding -HAWE; (ii) portable mechanical mower -PMOW; (iii) pre (oxyfluorfen, 240 g L −1
) and post (glyphosate, 360 g L −1
) emergence herbicide -HERB; (iv) peanut horse (Arachis hypogeae) cover crop -GMAY; (v) dwarf mucuna (Mucuna deeringiana) cover crop -GMMA; (vi) no-weed control between coffee rows -SCAP; (vii) weed check -CONT (no-weed control between coffee rows and below canopy). In each inter-row of the coffee crop, two rows of the cover crops were sowed at a row spacing of 0.5 m and 0.25 m between pits. Cover crops were cut off in Mar, 2014.
In September 2013, coffee tree pruning was carried out by cutting off all plagiotropic branches at 20-30 cm from the orthotropic branch ("esqueletamento") and by cutting off the orthotropic branch at 1.60 m above ground ("decote"). The pruning residues were mowed and left on the soil surface to allow biological incorporation. Further details regarding trial and site conditions are given by Araujo-Junior et al. (2013) .
Soil Sampling
Soil samples were collected in March, 2014, from the center of the inter-rows, about 1.75 m from the coffee tree stems, using a traditional mattock at the four above-mentioned depth increments. Samples were stored in plastic bags, air dried at room temperature, sieved through a 2.0-mm mesh and mechanically ground on a knife-mill. After the pre-treatment, samples were reserved for further humic substance extraction.
Chemical analysis for bulk soil samples for pH, available phosphorus, and exchangeable calcium, magnesium and potassium assessment were carried out in accordance with procedures described in Pavan et al. (1992) .
Humic Substance Extraction
Humic substances were separated in accordance with the methodology proposed by Benites et al. (2003) . Briefly, the method consisted of extraction with NaOH 0.1 mol L −1 , at a sample:solvent ratio of 1:10. After centrifugation processes, HA and FA (supernatant) and HU (precipitate) were separated. Given the difference in solubility according to pH levels, the supernatant was separated by adding H 2 SO 4 20 % until a pH of 1.0 was reached. The precipitated HA was vacuum filtered at 0.45 μm membrane and redissolved with NaOH 0.1 mol L −1 in a 50 mL volumetric flask. The filtered FA was also collected in a 50 mL volumetric flask. The fractions obtained were reserved for further analysis.
Humic Fraction Carbon Content
Carbon content determination for humic fractions was carried out in accordance with a modified WalkleyBlack method (Walkley and Black, 1934) as proposed by Benites et al. (2003) . To compare and validate the results from HA and FA, and HU fractions, the carbon content was also calculated in accordance with Schulte and Hoskins, 2011 .
UV-Vis Spectroscopy
UV-Vis spectroscopy measurements were carried out in a Genesys 10UV spectrometer, scanning a range of 200 to 1100 nm, with 1.0 nm spectral resolution. HA and FA solutions in a 200-400 mg L −1 concentration were diluted to 10 mL by adding 0.05 mol L −1 NaHCO 3 , and the pH was adjusted to 8.0. The E 4 /E 6 ratios were obtained by the quotient between absorbance intensities at 465 and 665 nm (Chen et al., 1977) .
Data Analysis
All the data were statistically analyzed using Origin Pro 8.0 software, by split-plot Analysis of Variance (ANOVA) by depth increments, with a significance level of p < 0.05.
Results and Discussion
Chemical Analysis
The chemical attributes for topsoil layers (0-10 cm and 10-20 cm) from the Red Dystroferic Red Latosol subjected to different weed control methods between coffee crop rows are presented in Figure 1 . Results from the following depth increments (20-30 cm and 30-40 cm) were not shown, since no alterations in chemical attributes for the weed control methods considered were observed.
The weed control methods between coffee rows affected the values of soil pH and exchangeable Ca and Mg in the topsoil (0-10 cm). However, no alterations were observed for the levels of available P and exchangeable K (Figure 1 ).
Results may be attributed to a higher incidence of exchangeable Ca and Mg complexed with soil organic matter and fresh plant input in the superficial layers.
Higher values of pH observed for SCAP and CONT areas (both presenting similar field characteristics with no disturbance inter-row) may also be related to the effects of soil surface coverage by weed plants and coffee tree residues from pruning.
Probably the organic matter mineralization process led to a high incidence of carboxylic groups (COO-), which bonds to free H + from soil solution, leading to increased pH in areas under SCAP and CONT weed control management methods, compared to the HERB one.
Coffee pruning, residue mowing and distribution over the inter-row soil surface may have increased complexation in the topsoil, and probably led to nutrient homogenization along depth increments, causing no variations at deeper layers. Humic Carbon Distribution Figure 2 shows the HS carbon percentage related to bulk soil organic carbon. HS carbon comprised between 47 % and 51 % of the bulk soil organic carbon content. Based on the results shown in Figure 2 , cover crops and weed control methods presented overall similar behavior with increases in the HS carbon percentage at depth increments.
It is difficult to recommend absolute soil carbon content value as a standard, as well as the carbon concentration for humic fraction. Carbon content may vary depending on soil tillage system, cover crop or cropping rotation. Stable organic matter (HS) comprises 60 % to 80 % of SOM composition (Bot and Benites, 2005) .
Differences between the bulk soil carbon content and the humic fraction carbon content observed may be attributed to the SOM non-humic fraction. SOM non-humic fraction comprises carbohydrates, soil lipids, amino acids, proteins, lignin, nucleic acids, organic acids, particulate organic matter, and also living organic matter (soil microfauna) (Bot and Benites, 2005) . For instance, carbohydrates by themselves comprise about 5 % to 25 % of organic matter in most soils, representing a significant soil organic carbon pool (Martín et al., 2009; Ratnayake et al., 2013) .
Humic (C-HA) and Fulvic (C-FA) Acids Carbon Content
Carbon content determined from the humic substance extracts are shown in Table 1 .
Cover crops and weed control methods used between coffee rows did not alter humic and fulvic acids carbon content (C-HA and C-FA, respectively) in the superficial layers (0-10 cm and 10-20 cm) ( Table 2 ). On the other hand, the chemical weed control method (HERB) promoted C-HA decreases at 30-40 cm, while among the cultural control group, the GMMA was used as a weed control method on the coffee crop inter-row leading to C-HA decreases at 20-30 cm.
In this coffee crop area, humification processes are more advanced at deeper layers (Martins et al., 2015) , leading to a higher incidence of aromatic compounds (recalcitrant polycondensed rings). However, the application of pesticides tends to alter such processes, by sorption of dissolved organic matter (Ding et al., 2002) , directly affecting carbon content and distribution in SOM fractions, as observed in the HERB samples.
Data from GMMA samples may be attributable to possible microbial activity at the root zone, altering the humification process, and consequently, C-HA. In a previous study, at Miraselva, in the north of the state of Paraná, in a very clayey Dystropheric Red Latosol under the coffee crop cultivar Catuaí, it was noted that the use of leguminous species between coffee rows influenced microbial activity in rows and between rows in coffee plantations (Balota and Chaves, 2010) .
HS presents a different humification degree status (FA at early stages, and HA at intermediary stages). FA presented smaller molecular weight, -allowing it to remain in soil solution for longer periods, even under adverse conditions (pH and salt concentration) (Zhang et al., 2010) .
The pruning process carried out in September, 2013, with plagiotropic and orthotropic branches mowing at coffee crop inter-rows, may have contributed to the C-FA homogenization, avoiding differences between depth increments under any cover crop/weed control method analyzed, ultimately leading to the lack of variation observed for this HS. Figure 3 shows the humin carbon content (C-HU) results. Data showed differences (p < 0.05) in the topsoil layer (0-10 cm), for all weed control methods considered (cultural, biological and chemical).
Humin Carbon Content (C-HU)
Humin tends to accumulate in the topsoil due to its intrinsic characteristics and structural features (high stability with soil mineral matrix, recalcitrance, lack of mobility along the soil depth profile, insolubility in acidic and basic conditions) (Stevenson, 1994) . Benites et al., 2003; 3 Calculated according to Schulte and Hoskins, 2011 ; Upper case letters mean statistical analysis along depth increments within a given weed control/ cover crop system. Lower case letters mean statistical analysis between weed control/cover crop at given depth increment layer (Tukey test, alpha = 0.05).
† No statistically significant difference observed between methods of calculation for a given weed control/cover crop analyzed (Tukey test, alpha = 0.05). Among the cultural weed control group, SCAP and CONT had a 25 % increase in C-HU in the topsoil (0-10 cm), compared with GMMA and GMAY. The higher C-HU content observed may be attributed to the similarity in characteristics presented by SCAP and CONT (lack of soil disturbance and tillage activities at the inter-rows, and, thus, higher weed species diversity).
Plant residues that remained on the soil surface after the coffee tree pruning process may have been responsible for an increase in C-HU, since such residues present recalcitrant structures (lignin, cellulose and hemicelluloses), and are considered the main precursors of humified organic matter (Flaig, 1988) .
For the mechanical weed control group, the use of portable mower (PMOW) led to a 9 % increase in C-HU compared to hand weeding (HAWE). The use of the mechanical device chops and distributes plant residues, creating a mulch layer over the soil surface.
Thus, this mulch layer formed at the PMOW areas, together with the coffee crop pruning residue, may contain more resistant structures, and enhance the SOM humified fraction, leading to higher C-HU content in the topsoil.
The chemical weed method (HERB) showed an average decrease of 28 % compared to the weed check (CONT) area. The use of herbicides as a weed control method limits the available plant material, interfering directly in the humification process, and consequently, in the incidence of HS and distribution, ultimately leading to a decrease in carbon content. Table 2 lists the C-HA/C-FA and the (C-HA+C-FA)/ C-HU ratio. The C-HA/C-FA results for the analyzed samples, considering the entire set of weed control/cover crops studied, presented values between 0.99 and 1.81, and the highest variation (0.6) was observed in the SCAP samples. In the superficial layers, the cultural weed control method seems to have a higher impact rather than the other methods considered (chemical and mechanical).
Humic Substance Indexes
In tropical areas, this ratio is generally lower than 1.0 due to lower soil exchangeable basis content, intense residue mineralization, climate and edaphic conditions, leading to alterations in the humification process (Canellas et al., 2002) .
Thus, a possible positive ongoing status of the humification degree was observed for the trial experiment, particularly in areas subjected to cultural control, where it is believed to present higher nutrient and substrate availability.
The (C-HA+C-FA)/C-HU index presented values between 0.73 and 2.01. The highest values were observed when mechanical and chemical control methods at most of the depth increments were considered (0-10 cm to 20-30 cm), whereas at 30-40 cm higher values were found for CONT and SCAP areas in the cultural control group.
Higher values for this index may be indicative of the movement of alkaline-soluble fractions along the soil profile and the incidence of organic carbon pools . This behavior can be attributed to the solubility characteristics of fulvic and humic fractions compared to humin.
Consequently, the results are consistent with the previous data which show carbon movement in the superficial layers for the mechanical (HAWE and PMOW) and chemical control group (HERB), and higher incidence of more stable carbon with depth increments for the cultural control group (CONT, SCAP, GMMA and GMAY). Table 3 lists the E 4 /E 6 ratio results for humic and fulvic acids. The weed control methods between coffee rows did not change the humic acid (HA) condensation degree. The E 4 /E 6 ratio has been considered one of the main parameters for humification process assessment (Canellas et al., 2004) .
UV -Vis Spectroscopy
SOM changes are usually not detectable in the short term (days and months), but over an extended period of time, such as years (Cerri et al., 2013) . The humification process is slow and gradual and it can take a longer period (decades, centuries or even millennia) of processing in order to perceive significant structural changes in humic substances (Dores-Silva et al., 2015) .
E 4 /E 6 ratio data for fulvic acids showed an average decrease of 53 % along depth increments for most of the field conditions considered. The behavior observed may be attributable to decreased microbial metabolic capacity in the topsoil, where fresh vegetal material accumulates in the superficial layers (González-Pérez et al., 2007) , which slows the humification process, and ultimately, leads to incidence of less recalcitrant/aromatic structures.
Previous studies in the same experimental field showed higher accumulation of plant material from coffee tree pruning, cover crop residues and shoot mass in most of the weed control methods considered, as well as an increased degree of humification at depth (Martins et al., 2015) .
Low E 4 /E 6 ratios are considered to be indicative of the relatively higher degree of aromatization while high ratios indicate more aliphatic structures in the organic fractions (Chang et al., 2014) .
Furthermore, higher values of the E 4 /E 6 ratio may be indicative of oxygenated functional groups presence, such as hydroxyl, carbonyl, carboxyl, and ester groups (Dores-Silva et al., 2015; Enev et al., 2014) .
The ratio is negatively related to C residence time in soil, and, therefore, the more recalcitrant and the lon-ger the HS turnover, the lower should be the E 4 /E 6 ratio (Martin-Neto et al., 1998) , and, consequently, the humic fraction should be more humified.
Thus, the behavior observed may be related to retarded humification process in the topsoil, and an enhanced aromatic structure conjugation/condensation degree at depth for the fulvic acid fraction, particularly for cultural (SCAP, CONT, and GMAY) and mechanical (PMOW and HAWE) weed control methods.
Conclusions
Humic substances comprised between 47 % and 50 % of soil organic carbon. Pruning residues left on the soil surface as green manure directly affect nutrient cycling along the depth profile and the humification process by input of available substrate and recalcitrant structures. The different cover crops and weed control methods analyzed did not alter humic and fulvic acid carbon content. Nevertheless, it may have increased the aromatic ring conjugation/condensation in fulvic acids at deeper layers.
